A flow system for the spectrophotometric determination of lead in natural and waste waters is proposed. The determination is based on the colorimetric reaction between malachite green and iodide, followed by the formation of a ternary complex between those reagents and lead cations. The developed flow system includes a lead pre-concentration step in a column packed with a cationic resin (Chelex 100) operating in a sequential injection mode. To improve the mixture of sample and reagents, a flow injection approach was adopted for the colorimetric determination. This way a hybrid flow system, involving both sequential and flow injection concepts was designed. Another feature of the proposed system is the efficient elimination of major interferent species, such as cadmium and copper. The elimination of cadmium interference is obtained by complexing Cd 2+ with chloride and retaining the formed negatively charged complexes in an anionic resin, AG1 X-8. As for copper, with the presence of both ionic resins as well as the conditions for cadmium elimination, it no longer acts as an interferent. Different ranges of lead concentration (50-300 and 300-1000 g l −1 ) can be determined with minor changes in the controlling software, useful for application to both natural and waste waters. Therefore, a detection limit of 25 g l −1 was achieved. Repeatability was evaluated from 10 consecutive determinations being the results better than 4%. The recoveries of lead spikes added to the samples ranged from 93 to 102%. The sampling frequency was 17 and 24 determinations per hour, for 50-300 and 300-1000 g l −1 ranges, respectively.
Introduction
Water quality has become an issue of vital importance for it is an essential resource that has been threatened by pollution. There are several parameters and components to be determined in order to assess the quality of water. Some components are under strict regulation for being dangerous for human health while others have non-enforceable regulations as they only cause cosmetic or aesthetic effects. Heavy metals fit in the first group as being dangerous for human health. Lead is highly toxic [1] , persists indefinitely in the environment and bio-accumulates in humans and aquatic organisms. Even small amounts of lead that enter the environment can result in elevated concentrations that can result in adverse effects. Lead and lead compounds are a particular concern because of their toxicity in children, but also causes health problems in adults [1] .
In waters, lead is usually determined [2] by flame atomic absorption spectrometry (FAAS) (requiring a pre-concentration step), electrothermal atomic absorption spectrometry (ETAAS), inductively coupled plasma-atomic emission spectrometry (ICP-AES), usually requiring a pre-concentration step, inductively coupled plasma-mass spectrometry (ICP-MS), and the colorimetric method based on dithizone.
To automate the lead determination in water samples, different flow analysis concepts coupled to different detection systems have been described. With FAAS, a sequential injection system with lead pre-concentration in a polymer (poly(vinylpyrrolidone)) was presented [3] , achieving a detection limit of 5 g l −1 . With ICP-AES, a flow injection [4] and a multicommutation [5] system involving a pre-concentration step were described; detection limits of 0.2 and 2 g l −1 , respectively, were obtained. Regarding ______________________________________________________ the use of ICP-MS, a sequential injection system [6] with different ion-exchange resins to remove interferences from sea water, was described; another flow system [7] involving an anionic resin for interference elimination, was described; the detection limit was 0.1 g l −1 .
Due to the high purchase and maintenance costs associated to the above-mentioned detections units, flow systems with colorimetric detection were also described for the determination of lead in various types of water samples; different colour reactions were proposed, namely those involving resazurin [8] , 4-(2-pyridylazo)-resorcinol (PAR) [9] , dithizone [10] , 2,2 -dipyridyl-2-pyridylhydrazone (DPPH) [11] and 5,10,15,20-tetra-(4-N-sulfoethylpyridinium)porphyrin [12] . Low detection limits were also achieved with these colorimetric alternatives, ranging from 0.13 g l −1 [11] to 10 g l −1 [12] . Some of these systems also involved in-line pre-concentration [9] [10] [11] , and another [8] was based in a stopped flow kinetic determination. However, reagent consumption and volume of effluents produced in these systems are relatively high (approximately in the range 12-90 ml per determination), as in flow injection manifolds reagent solutions are continuously pumped through the system. This paper reports the development of an alternative flow procedure for the colorimetric determination of lead in water, presenting lower reagents consumption, lower volume of effluents and a different colour reaction. This reaction is based on the formation of a ternary complex between malachite green, iodide and metal cations, which has been previously described for cadmium determination [13] [14] [15] [16] [17] . In these works, lead was reported as a strong interfering species, leading to the conclusion that this colour reaction could also be used for lead determination. In fact, it was already described for this determination in Porto wine samples [18] .
Being this reaction more sensitive to cadmium than to lead, the elimination of its interference was essential. In previous works for cadmium determination [14] [15] [16] [17] , Cd 2+ ions react with chloride to form stable negatively charged complexes, which are then retained in an anionic resin (AG1 X-8), resulting in cadmium pre-concentration. In the proposed system, advantage was taken from this complex formation and its subsequent retention for the elimination of cadmium interference.
In order to enhance sensitivity, the developed flow system includes a lead pre concentration step, carried out in a column packed with a cationic exchange resin (Chelex 100), operating in sequential injection mode.
As in sequential injection analysis, the mixture of sample and reagents essentially occurs during flow reversal of the aspirated zones, the use of many reagents leads to an inefficient overlapping of the different plugs. To overcome this limitation, part of the manifold was designed in a flow injection mode, being the solutions merged in confluences to improve the mixing of the colour reagents. Therefore, this approach comprises the main advantages from both sequential injection and flow injection concepts.
Experimental

Reagents and solutions
All solutions were prepared with analytical reagent grade chemicals and boiled Milli-Q water. A 100.0 mg l −1 lead stock solution, obtained by dilution of 16 mg of lead nitrate in 100 ml of 0.05 M nitric acid, was used to prepare lead working standards in two ranges: 50-300 and 300-1000 g l −1 . The nitric acid solutions used to prepare the standards (0.05 M) and eluent solution (0.25 M), were prepared from suitable dilution of the concentrated acid (d = 1.4; 65%). A 0.1 M acetate buffer solution (pH 4) was prepared from 4.1 g of sodium acetate and 2.8 ml of concentrated acetic acid (d = 1.05; 100%) in 500 ml of water.
The malachite green (MG) solution was obtained by dissolving 21 mg of the solid in 100 ml of acetate buffer. For the potassium iodide solution, 400 mg of ascorbic acid and 33.2 g of KI were dissolved in 100 ml of acetate buffer.
The cationic resin used was Chelex 100 (Bio-Rad, 200-400 mesh, sodium form). The resin was suspended in a conditioning buffer (CB) obtained from 6.56 g of sodium acetate and 16 ml of concentrated acetic acid in 200 ml of water. The same procedure was used to prepare the conditioning buffer/complexing agent solution (CBs), with water being replaced by a 4 M sodium chloride solution; this solution was used in the sequential injection pre-concentration step to condition the column and minimise cadmium interference. The 4 M sodium chloride solution was obtained by dissolving 117 g of sodium chloride in 500 ml of water. The pH of both CB and CBs was set to 4.
The anionic resin used was AG1 X-8 (Bio-Rad, 200-400 mesh, chloride form). The conditioner for suspending this resin was prepared by dissolving 23.4 g of sodium chloride in 200 ml of 0.1 M hydrochloric acid.
The resins were packed in PVC tubing (2.29 mm i.d. and 2.5 cm length) after suspending them in the respective conditioners; the resins were introduced into the column by means of a syringe. Ordinary dishwashing foam was placed at both ends of the columns to entrap the resins. The water samples were acidified to a pH <2 with concentrated nitric acid according to reference method for metals determinations [2] .
Apparatus
Solutions were propelled by two Gilson Minipuls 3 peristaltic pumps with PVC pumping tubes. One of the pumps (P1) was connected to the central channel of an eight port electrically actuated selection valve (Valco VICI 51652-E8) and the other (P2) was connected to the injection valve (Valco VICI 60736-E45 230) for propelling eluent and colour reagents. All tubing connecting the different components of the flow system were made of Teflon from Omnifit with 0.8 mm i.d.
A Hitachi 100-40 UV-Vis spectrophotometer with a Hellma 178.711-QS flow-cell (10 mm light path, 30 l inner volume) was used as detection system. The wavelength was set at 690 nm. Analytical signals were recorded in a Metrohm E 586 Labograph strip chart recorder.
A personal computer (Samsung SD700) equipped with a PCL818L interface card, running a home-made software written in QuickBasic 4.5, controlled the selection valve (SV) position, the injection valve (IV) position, pump P1 sense and speed and pump P2 on or off.
Flow manifold and procedure
The manifold for the colorimetric determination of lead in waters is depicted in Fig. 1 . The sequence of the steps and respective time is shown in Table 1 . This manifold was designed with two distinct parts: one operating in sequential injection mode to carry out the pre-concentration of lead and elimination of interferences, and the other operating in flow injection mode for the colorimetric determination.
In the first part, using pump P1, a plug of sample is aspirated between two plugs of CBs (steps A-C) to the holding coil (HC). The chloride present in CBs reacts with cadmium potentially present in the sample to form an anionic complex. With the injection valve (IV) on the loading position, the mixture in the HC is directed to port 7 (step F) to pass through the anionic and cationic columns (C1 and C2, respectively). In C1, cadmium chloride complex is retained, while lead is pre-concentrated in C2. In the second part of the manifold, pump P1 is stopped while pump P2 is activated. By changing the IV to the injection position, nitric acid (eluent) flows through column C2 to elute lead from the resin (step G). At the same time (step G), the colour reagents (MG and KI) are continuously pumped and mixed at a confluence point (x); the resulting mixture merges the eluted lead at another confluence (y) and flows to the detector.
Results and discussion
Manifold design
The manifold was designed to comply lead determination in a wide concentration range and to achieve an efficient mixing of colour reagents. Sequential injection systems present the advantage of easy manipulation and control of volumes. However, when a high number of reagents is involved, it becomes difficult to attain sufficient zone overlapping. This limitation of sequential injection is emphasised when it is required a previous mixture between reagents, which is the case in this flow procedure. On the other hand, flow injection systems are commonly associated to high consumption levels due to its continuous flow, but the mixture of solutions is scarcely a problem since confluence points are used along the manifolds. So, in the development of the proposed manifold those features were taken into consideration. Therefore, a hybrid flow system involving both sequential injection and flow injection concepts, was designed.
To obtain a wide working concentration range, advantage was taken from the versatility of sequential injection in changing the operating conditions without requiring altering the manifold. As a flow injection approach was used to enhance reagents mixing, a computer control of the pump was adopted to avoid excessive reagent consumption associated with this mode of operation.
Optimisation of the flow system
The flow system was optimised to perform lead preconcentration and determination, as well as elimination of cadmium interference. The optimisation tests were made by varying each parameter while setting the reminder.
The concentration of both MG and KI solutions were adopted from [18] .
The flow rate for the pre-concentration step was set at 2.6 ml min −1 . Higher flow rates led to loss of resin from the columns. The same flow rate was then adopted for the elution step. The MG and KI flow rates were both set at 1.1 ml min −1 ; lower flow rates significantly decreased the sensitivity of the determination.
To study the preparation of the pre-concentration column, the Chelex resin was packed in PVC tubing with different diameters (1.85 and 2.29 mm) as well as different sizes (2.0, 2.5 and 3.0 cm). With the 1.85 mm diameter, leaking occurred at the junctions for all the experienced lengths, due to overpressure in the tubes placed before the column. As for the 2.29 mm diameter, the highest sensitivity was achieved with the length of 2.5 cm.
According to the Chelex manufacturer [19] , lead retention in the resin is higher if conditioning occurs at pH 4. This way, the pH of the conditioning buffer (CBs) was set to this value.
The sample volume was a critical parameter in terms of sensitivity and linearity as the efficiency of pre-concentration largely depends on the amount of lead flowing through the resin. The tested volumes ranged from 400 to 1000 l; the sensitivity increased up to 800 l and so this sample volume was chosen.
The concentration of eluent, HNO 3 , was studied in the range 0.15-0.75 M and a value of 0.25 M was chosen. Sensitivity of the determination increased until 0.25 M, maintained for 0.5 M and decreased for higher concentrations. This feature can be explained as the use of higher acid concentrations makes difficult buffering the resulting solution.
As the colour reaction is sensitive to changes in pH, it requires the presence of a buffer solution. So, different sodium acetate-acetic acid buffer solutions were tested in the range from pH 2 to 5. Maximum sensitivity was achieved at pH 4; these results were in agreement with other authors [13, 18] . This way, it was decided to prepare both colour reagents in the above-mentioned buffer.
As both MG and KI reagents must be previously mixed before merging the metal cation at confluence y, the length of reactor MC was studied; a size of 50 cm was chosen from the tested 25, 50 and 75 cm lengths. With this value, a better stability of the baseline was achieved. The size of the reactor RC was studied between 50 and 150 cm; the length of 75 cm was chosen as the one that corresponded to higher sensitivity.
With this optimised system a detection limit of 165 g l −1 was achieved. Aiming to achieve a lower detection limit, necessary for lead determination in natural waters, the aspirated sample volume was increased. However, it did not result in higher sensitivity because of the insufficient mixing of the sample plug with the CBs. This way, aspiration of an additional plug of sample and another of CBs to the holding coil was performed (steps D and E). By using this approach, although the amount of sample was duplicated, the necessary mixing with the conditioning buffer/complexing agent was assured. Consequently, sensitivity was doubled and the detection limit was 25 g l −1 . The significant volume aspirated required the use of a holding coil of 5 m. The use of either one or two plugs of sample allowed lead determination in two different linear ranges (300-1000 and 50-300 g l −1 , respectively), which is useful for different types of water. It should be stressed that the inclusion of the additional plugs only required adding two more steps to the controlling program (steps D and E), with no changes in the manifold configuration.
According to a previous work by Lopes et al. [18] , reaction sensitivity was improved for low temperatures. Thus, the influence of lowering the temperature was tested by immersing the reaction coil (RC) on ice. It was found that although there was an increase of the colour intensity, traduced by a strong increase (111%) of the ordinate of the calibration curve, it did not affect the sensitivity of the determination.
Evaluation and elimination of interferences
A serious limitation of the use of this colour reaction for lead determination in most samples routinely analysed is the interference caused by Cd 2+ . In fact, the reaction between MG and CdI 4 2− is one of the most sensitive and selective reactions for the determination of cadmium at trace levels. This problem could not be solved by the pre-concentration step, as cadmium ions are also retained in the Chelex 100 resin at pH 4, although in smaller extent [19] . This makes the interference from cadmium ions quite significant, which had to be eliminated some other way. According to some works [14] [15] [16] [17] , where pre-concentration of cadmium was performed in anionic resins, addition of NaCl to the sample would complex cadmium cations into negatively charged chloro-complexes that are strongly held on anion-exchangers. Therefore, an option was made to add NaCl to the conditioning buffer, and to include an anionic exchange resin (AG1 X-8) in the manifold; the result of all these procedures allowed to efficiently eliminate cadmium interference.
Different concentrations of NaCl in the conditioning buffer were studied, ranging from 0.5 to 3.7 M. For lead determination within the range of 300-1000 g l −1 , where only one plug of sample is aspirated into the HC, a 2 M concentration of NaCl in CB was enough to eliminate cadmium interference at a level of 200 g l −1 (relative deviation of calibration slope and peak height lower than 2%). For the other range (50-300 g l −1 ), where two plugs of sample are aspirated to the HC, the NaCl concentration in the CB had to be increased to 3.7 M to eliminate the cadmium interference at a 50 g l −1 concentration (relative deviation of calibration slope and peak height lower than 5%). As the use of a 3.7 M NaCl concentration in the CB did not decrease the sensitivity of the determination when compared to the use of a 2 M concentration, the 3.7 M NaCl concentration was then adopted in both determination ranges.
Copper interference was also reported for this colour reaction [14] [15] [16] [17] [18] . It was found that, under the optimised conditions for cadmium elimination, copper ions did not interfere at the levels usually found in waters (less than 500 g l −1 ). In fact, peak heights for different copper standards (100-500 g l −1 ) remained practically unchanged and similar to blank signal (relative deviation less than 6%). 
Application to water samples
Recovery studies were performed in different types of waters, being the results presented in Table 2 . For spiking the samples, volumes from 100 to 900 l of lead stock solution (1 g l −1 ) were added to 10 ml of sample.
The flow methodology provided recovery ratios with an average of 98.5% (standard deviation of 3.4). Statistical test (t-test) was used to confirm if the mean recovery value did not significantly differ from 100% [20] .
Results showed that the recovery values were not different from 100% at a 95% significance level (the calculated t-value was 1.76 with a correspondent critical value of 2.12), thus indicating the absence of multiplicative matrix interference.
Additionally, six spiked water samples (concentrations of 55.2, 80.8, 130, 165, 221 and 268 g l −1 ) were analysed by the ETAAS reference method [2] and by the developed flow system (FS). To evaluate accuracy, a linear relationship between C FS (g l −1 ) and C ETAAS (g l −1 ) was established; the equation found was:
where the values in parenthesis are 95% confidence limits. These figures show that the estimated slope and intercept do not differ from the values 1 and 0, respectively. Therefore, there is no evidence for systematic differences between the two sets of results [20] . A signal register including a calibration and some spiked samples is shown in Fig. 2 .
Features of the flow system
For each concentration range, typical calibration curves were as follows: (i) 50-300 g l −1 , A = 1.27[Pb 2+ ] + 7.44 × 10 −2 (R 2 = 0.997); (ii) 300-1000 g l −1 , A = 6.43 × 10 −1 [Pb 2+ ] + 1.89 × 10 −2 (R 2 = 0.999). The detection limits for both concentration ranges were calculated according to IUPAC [21] recommendations. For the range between 50 and 300 g l −1 , it was 25 g l −1 ; and for the range of 300-1000 g l −1 was 165 g l −1 . The limits of determination were, respectively, 30 and 190 g l −1 .
Precision was evaluated by the determination of the relative standard deviation obtained from 10 consecutive sequential analysis of the same sample, and the results were 4.0% (103 g l −1 ), 3.6% (248 g l −1 ), 0.54% (294 g l −1 ), and 1.0% (930 g l −1 ).
A complete analytical cycle took about 3.5 min for natural waters (50-300 g l −1 ) and 2.5 min for waste waters (300-1000 g l −1 ). An analytical cycle is the sum of the time needed for each step plus the time necessary for the port selection in the selection valve. Thus, based on the time spent per cycle, the sampling frequency was 17 and 24 determinations per hour, respectively. This corresponds to a sample consumption per determination, of 1.6 ml for natural waters and 0.8 ml for waste waters.
The overall reagent consumption per determination was: 0.19 mg MG, 303 mg KI, 3.6 mg ascorbic acid, and 34 mg nitric acid. Regarding the conditioning buffer consumption, it was different for both ranges. For natural waters, it was: 63 mg acetic acid, 6.2 mg sodium acetate and 176 mg NaCl; while for waste waters, it was: 42 mg acetic acid, 4.1 mg sodium acetate and 117 mg NaCl. The total volume of effluent produced per determination is only around 6 ml.
Conclusions
With this work it was proved that the reaction between lead, malachite green and potassium iodide can be applied for the determination of lead in water samples.
Since this determination often deals with interference problems from other similar cations, the procedures for interference elimination are essential for this determination. The selectivity of the cationic resin used for lead pre concentration impairs some species from interfering. The use of an additional anionic resin along with a 3.7 M concentration of NaCl in the conditioning buffer prevented the interference of the two major interfering species for this reaction, cadmium and copper. This way, the developed system efficiently solved the problem of possible interference from other cations.
The developed flow system allowed lead determination in water over a wide concentration range. This was accomplished with a single manifold and minor changes of operational parameters in the controlling software. Thus, by removing two steps of the protocol sequence and changing the time for propelling the sample through the columns, lead determination could be performed for natural and waste waters.
When compared to previously reported colorimetric flow systems for this determination, it also presents the advantage of lower volume of effluents produced.
It should be clarified that the proposed system does not aim to be an alternative to the ETAAS or ICP-MS methods, namely because of its higher detection limit. However, it could be very useful as a low cost automatic screening method for water monitoring. Additionally, as it provides analysis on real-time, this methodology could be used for early detection of lead pollution.
